Abstract: It is a common misconception to view the "cyto"-skeleton as just the filament systems in the "cyto"-plasm. In fact, the cytoskeleton extends into the nucleus where the complex network connects to chromatin, and it also connects through the plasma membrane to the cytoskeleton of adjacent cells and to the "exo"-skeleton of the extracellular matrix. This review will focus principally on the subcomplex of the cytoskeleton associated with the nucleus, often referred to as the nucleoskeleton, but in the context of its extensive interconnectivity with the rest of the nucleus and with cytoplasmic filament systems all the way to the exoskeleton. The nucleoskeleton, made principally of type-V intermediate filament lamins, connects across the double membrane system of the nuclear envelope to likely all three primary cytoplasmic filament systems. It provides structural stability to the nucleus, and also incredible flexibility. In both its core structural aspect and through specificity gained by tissue-specific partner proteins, it contributes to genome organization and regulation as well as to signal transduction, both through chemical signaling cascades and likely through mechanotransduction. Defects in the nucleoskeleton have far-ranging effects due to its interactions with cytoplasmic filament systems, from mispositioning of nuclei to disruption of cell polarity and both decreased and increased cell migration depending on the defect. Accordingly, it is not surprising that many nucleoskeletal components are linked to a wide range of human diseases from specific types of cancer to muscular dystrophies, neuropathies, dermopathies, and premature aging syndromes.
Introduction
Cytoskeletal proteins are among the most abundant in any cell. Three principal filament systems defined by their diameter work together to largely define cell shape and stability: microfilaments (7 nm), intermediate filaments (IFs; 10 nm), and microtubules (25 nm). Additional meshworks formed by spectrin and nesprin (syne) proteins also contribute to these functions. These are supported by roughly 5% of all genes encoded in the human genome that contribute to cytoskeletal assembly, regulation, and function. They also direct a variety of more specific functions for skeletal elements such as involvement in cytokinesis, pinocytosis, and phagocytosis; intracellular transport; signaling pathways; and cell migration. 1 Some functions and structures are highly tissue-specific such as the Z-bands of muscle, immune synapses, actin in the acrosomes of spermatozoa (in lower organisms), cilia, and flagella, and many others. 1, 2 In the context of these myriad functions, the cytoskeleton connects different cellular organelles. Organelles are delimited by membranes and often have some kind of "scaffolding" protein to stabilize their membranes. For example, the inner surface of the plasma membrane is lined by spectrin filaments, and COP proteins coat the outer surface of the endoplasmic reticulum, contributing to its structure as much as to vesicle trafficking. The nucleus stands out from other organelles because it has the only organelle membrane lined on the inside by one of the "big 3" cytoskeletal filament types -the IFs (Figure 1 ). The nucleus also stands out in having a uniformly spaced double membrane maintained by a specialized system that also connects the nucleoskeletal IFs across the double membrane to cytoplasmic filament systems ( Figure 1 ).
The first nucleoskeletal components were discovered roughly 30 years ago, [3] [4] [5] [6] but our knowledge of this specialized cytoskeletal subdomain is poor compared to cytoplasmic filament systems. To begin with, the actual structure of the nucleoskeletal polymer formed by the type-V IF lamins that lines the inner nuclear membrane remains obscure. Electron microscopy of the inner nuclear envelope surface in freeze-fractured frog oocyte nuclei reveals a network of the expected ∼10 nm filaments; 7 however, such a structure has not been observed in any somatic cell or oocyte from a higher vertebrate. This may reflect the tendency for chromatin to be highly connected to the inner nuclear membrane (except in lower oocytes) such that it obscures the lamin filaments, but it is also possible that differences in the milieu of nuclear cytoskeletal-associated proteins and the nature of lining a membrane surface result in a different structure for the polymer.
Although many functions have been ascertained for cytoplasmic filament-associated proteins, there are few clearly indicated thus far for the nuclear IF lamins. The best characterized are the SUN and nesprin families, forming a complex termed the LInker of Nucleoskeleton and Cytoskeleton (LINC) complex, 8 which spans the double membrane and connects the nucleoskeleton to the cytoplasmic cytoskeletal filament systems (Figure 1 ). Both SUN and nesprin proteins are nuclear envelope transmembrane (NET) proteins. The recent identification of a large number of NETs by proteomics [9] [10] [11] [12] paves the way to determine the likely many nuclear-cytoskeletal-associated protein functions. Many NETs are highly tissue-specific, 13 thus potentially enabling tissue-specific nucleoskeletal functions. Indeed, the use of multiple tissue libraries in 2-hybrid studies has identified over 600 partners for lamins including many of these NETs, 14, 15 thus increasing the likelihood that they could mediate such tissue-specific functions. Although only a small subset of identified NETs has been directly tested, nearly all those bind both lamins and chromatin, 16 thus also connecting the genome to the cytoskeleton (Figure 1) .
The importance of these many nucleoskeletal functions is underscored by the association of many diseases with mutations in nucleoskeletal proteins. More mutations causing distinct diseases have now been linked to LMNA than any other 
Notes:
The nuclear envelope is a double membrane system with the outer membrane continuous with the endoplasmic reticulum (eR) and both membranes fusing where nuclear pore complexes (NPC) are inserted. Nesprin proteins in the outer nuclear membrane (ONM) connect directly or indirectly to the three principal cytoplasmic filament systems (from left to right) actin, tubulin, and intermediate filaments (IFs). They also connect to more specialized structures such as on the right side of the NPC TAN lines, and other nuclear envelope transmembrane (NET) proteins also appear to have interactions with cytoskeletal filaments (furthest right depiction). The nesprins connect in the lumen of the nuclear envelope to SUN proteins in the inner nuclear membrane (iNM). These in turn connect to the iF lamin polymer. Both lamins and other NeTs connect to chromatin.
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Nucleoskeleton dynamics and functions in health and disease gene in the human genome. 17 Moreover, many NETs have also been linked to disease, particularly those involved in the LINC complex. 18 Interestingly, these diseases are extremely wide ranging, including muscular dystrophies, neuropathies, lipodystrophies, dermopathy, osteopoikilosis, and multisystemic disorders such as the premature aging progeroid syndromes. 17, 19 This makes for a conundrum, because, often, mutations in the same widely expressed protein can cause multiple diseases with distinct tissue pathologies. Thus, it is likely that additionally more tissue-specific nuclear envelope proteins are also involved.
20
Nuclear versus cytoplasmic filament systems
Similar to cytoplasmic filaments, the nucleoskeleton plays a central role in nuclear structure and stability. Thus, one might assume that the two related and connected systems would be similar in organization. Yet, the nucleoskeleton comprises just IFs. To understand the logic of this evolutionary choice, it is necessary to consider the different properties of the three central filament systems (Figure 2A ).
Cytoplasmic filament systems
The building blocks for microfilaments (actin) and microtubules (tubulin) are soluble globular proteins that assemble into linear arrays ( Figure 2B ). In contrast, the building blocks for IF assembly are poorly soluble because roughly half of the protein mass is a series of heptad repeats formed into a linear coiled-coil dimer of 48-52 nm length. This increases the strength and stability but also renders them less dynamic than actin and tubulin that are polarized and dynamically assemble and disassemble driven by nucleotide binding and hydrolysis. The coiled-coil domain is broken into four parts by the linker regions, which may explain in part why IFs are also flexible. IF dimers next assemble into multiple head-to-tail linear arrays, which then layer over one another in a staggered fashion using interactions from both the coiled coils and the globular head and tail domains within and between arrays. 21, 22 The arrays layer like the individual fibers of a rope until there are 32 linear arrays/fibers in cross section with intermolecular interactions in all directions throughout to form a 10-nm filament. This complex structure renders IFs less dynamic 23, 24 and apolar. These characteristics all contribute to significant differences in the biophysical behavior of the various filament systems under stress. Microfilaments are stabilized by tension and tend to resist stretch/strain, but break easily under compression forces. Microtubules are more resistant to a compression force, but break easily under stretch/strain. In contrast, IFs resist both compression and stretch/strain forces that tear microfilaments and microtubules apart. 25 Thus, IFs are, at the same time, the most stable, strongest, and most elastic of the filament systems.
The filament systems also differ from the standpoint of tissue specificity. The three tubulin isoforms are universal, while actin has one universal isoform and four with specialized/tissue-specific functions such as forming Z-bands in the muscle. In contrast, IFs have over 70 distinct genes, many encoding multiple splice forms, and all except lamins are highly tissue-specific. 1 For example, myogenic and neuronal precursors both express vimentin, but this is replaced by desmin in mature muscle and neurofilaments in neurons. Similarly, different layers of epidermis express different combinations of keratins. The many tissue-specific IFs enable a further diversity of function from their specific binding partners.
Nucleoskeleton
Tubulin is absent from the interphase nucleus. Though actin enhances the function of some helicases in yeast, 26 there is no defined pathway for its regulated import and it remains controversial whether this nuclear actin assembles filaments. 27 Although filaments can be forced by overexpressing actin carrying nuclear localization signals, it is noteworthy that wild-type actin has two conserved nuclear export signals to keep the nuclear levels low. 28 Moreover, this minor actin population is dwarfed by lamins, which are typically present at ∼3 million copies in a typical mammalian nucleus. 29 Thus, actin and tubulin are not likely to contribute to the nucleoskeleton, which comprises principally the type-V IF lamins. Lamins differ from cytoplasmic IFs principally by having a longer coiled-coil region (+6 heptads), 30 ,31 a nuclear localization sequence, 32, 33 and a C-terminal CaaX box that is farnesylated. 34, 35 All three of these differences contribute to the translocation of lamins into the nucleus. 36, 37 There are three genes encoding lamins: LMNA, LMNB1, and LMNB2. At least one B-type lamin is expressed in all cells, while lamin A is expressed later in differentiation. A combination of tissue differences in relative expression levels and several splice variants enable tissue specificity for the nucleoskeleton. [38] [39] [40] The predominant LMNA splice variants in order are lamin A, C, A∆10, 41 and C2 that is unique to sperm cells. 42 LMNB1 also has a tissuespecific splice variant, lamin B3, 43 and others are yet to be identified. All splice variants share the coiled-coil domain, which is the most conserved region by sequence.
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Nonetheless, the coiled coils may differ structurally, as prediction algorithms suggest that lamin B2 might have two linkers fused into one long one, thus losing one of the four coiled coils. This should, in theory, increase flexibility and, though point mutations in the linkers did not yield notable assembly phenotypes in keratins, 44 the lamin B2 was less stable in vitro 45, 46 and in vivo. 47, 48 Thus, differences in the relative expression levels of the different lamin subtypes in different tissues can yield distinct mechanical properties to the polymer.
As the lack of chromatin connections in Xenopus oocyte nuclei enables visualization of the inner membrane surface, 7 different lamin subtypes were exogenously expressed in this system, yielding distinct assemblies. 49 This suggests that different lamin subtypes form distinct networks and is further supported by immunogold-labeling electron microscopy and 
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Nucleoskeleton dynamics and functions in health and disease superresolution studies in certain cell types, 50 while other studies observed Förster resonbance energy transfer (FRET) between different lamin subtypes and these subtypes interacted in vitro. 45, 51, 52 Thus, this issue remains unresolved. As mentioned above, lamins also differ from cytoplasmic IFs in that they are posttranslationally modified with the addition of a C-terminal farnesyl lipid moiety. As lamins are highly insoluble, association with the membrane through this modification could help prevent off-target aggregation and thus support proper assembly. At the same time, as both nuclear localization sequence and CaaX box contributed to lamin targeting, 36 lamin association with the membrane might enable a backup system for transit through the peripheral channels of the NPC, though this has never been tested. Finally, this lipid modification may directly link the lamin polymer to the membrane to anchor it at the inner nuclear surface. 53, 54 This idea is supported by observations in the Xenopus oocyte system where B-type lamins appeared to assemble closer to the membrane than lamin A. 49 B-type lamins keep their farnesyl moiety, while it is only transient in lamin A due to subsequent cleavage of several C-terminal residues. 55 Mutations that prevent the subsequent removal of the farnesyl group perturb cells, 56 but the functional reason for its transient addition in the case of lamin A remains obscure.
Network connectivity
The three central filament systems of the cytoplasm are interconnected through cytoskeletal-associated proteins. They must also be connected to the nucleoskeleton because the nucleus was "pulled" in the same direction as cytoplasmic filaments in experiments where a pipette tip was applied outside the nucleus in the cytoplasm. 57 These and other observations led to the cellular tensegrity model proposed by Donald Ingber 58 that explains the cytoskeleton as a 3D assembly comprises compression-resistant struts (microtubules) connected by stretchable linkers under tension (actin filaments). Thus, the cell is more like a tent with poles (compression) and anchored ropes (tension) as opposed to a brick and mortar structure just under compression stress.
As the nucleoskeleton comprises just the lamin IFs, there are apparently no countering forces in the isolated nucleus to generate tensegrity, but at the same time, the filaments are elastic, deformable, and capable of withstanding strong compression or stretch/tension forces. However, in intact cells this elastic nucleoskeleton is connected to the cytoplasmic filament network with its mixed properties principally through the LINC complex. 8 The core components of LINC are SUN-domain NETs embedded in the inner nuclear membrane that bind lamins in the nucleoplasm and Klarsicht/ANC-1/ Syne homology (KASH)-domain NETs in the nuclear envelope lumen that in turn connect to cytoplasmic filaments from the outer nuclear membrane. The 120-residue SUN domain defines a family with at least five members in mammals, all of which have been found in the inner nuclear membrane, though all but SUN1 and SUN2 are tissue-specific. 59 The combination of a KASH domain that binds SUN domains and spectrin repeats defines the nesprin family. 8, 60, 61 In mammalian cells, there are at least four SYNE genes that give rise to multiple nesprin isoforms through alternative splicing and transcription initiation. 62 Nesprin-1 and -2 interact directly with the actin cytoskeleton. [63] [64] [65] Nesprin-3 binds plectin through which it is suggested to connect to cytoplasmic IFs, 66 though plectin interfaces with all three cytoplasmic filament systems. Nesprin-4 and the related KASH5 (that lacks spectrin repeats), respectively, bind kinesin and dynein, plus-and minus-end-directed microtubule-dependent motors. 67, 68 These interactions may support a connection of the nucleoskeleton to microtubules, though the tissue-specific expression of nesprin-4 in hair cells of the inner ear and of KASH5 in germ cells means that either microtubule connections are tissue-specific or other NETs mediate connections to the microtubules. An interesting study suggested that some nesprins bind each other to generate a protein scaffold on the outer nuclear membrane, 69 thus providing a more stable surface for connections to cytoplasmic filaments.
In the context of filament network connections or cellular "tensegrity," LINC acts as a local force projection site for the nucleus. Disruption of LINC should therefore not only affect the connection itself but would have an effect on the architecture and function of both the nucleus and cytoplasm. This has been investigated by several laboratories, each using different specially designed tools to deform the nucleus/ cytoplasm and measure the effects of this strain on the system. The Wirtz laboratory found that disruption of LINC by overexpression of dominant-negative SUN or KASH domains leads to abnormal actin and vimentin organization and causes the nucleus to deform less under applied stress. 70 More tellingly, disruption of LINC profoundly reduces 3D cell migration in a soft collagen matrix. 71 As cell migration is principally directed by lammelipodia at the leading edge of the cell, the ability of this process to be affected by disrupting the connection of the actin cytoskeleton to the nucleus at the far end of the entire actin network strongly supports mechanical aspects predicted by tensegrity. As expected for an interconnected network, nucleoskeletal disruption also 
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Meinke et al affects these properties, with the Lammerding laboratory finding that Lmna -/-mouse cells 72 have more fragile and easily deformable nuclei and exhibit migration defects in 2D assays compared to wild-type. 73 Although cytoskeleton architecture was visually intact, an overall increase in stiffness was measured by microrheology. 73 The Broers and Ramaekers laboratories obtained similar results using a different approach, with Lmna -/-nuclei exhibiting an isotropic deformation upon indentation, though the rest of the cell had an anisotropic deformation. 74 Thus, nucleoskeletal weakening by disruption of lamin A or nucleo-cytoplasmic connectivity makes the nucleus more deformable, but at the same time it impairs force transmission so that it is irresponsive to external mechanical stimuli.
For all the distinct characteristics that different lamin subtypes can confer to the polymers they form, much more variation can be contributed by the many tissuespecific nucleoskeletal components. For example, the LINC-component splice variant nesprin-2ε 1 is specific to early embryonic cells while short nesprins 1α 2 and 2α 1 are restricted to heart and muscle tissues 75 and several nesprin and SUN genes are tissue-specifically expressed. 67, 68, 76 Several widely expressed and tissue-specific NETs may influence LINC or support separate interactions with cytoplasmic filaments. NET5 (Samp1) interacts with the LINC component SUN1 77 and also contributes to more specialized TAN lines that serve as tracks for nuclear migration within the cell.
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NET5 also binds lamin A and is observed at spindle poles during mitosis, while its knockdown affects centrosome positioning, 79 suggesting an additional role mediating nucleoskeletal associations with microtubules. Interestingly, two NETs found in proteomics of muscle nuclear envelopes, Tmem214 and WFS1, similarly accumulate at spindle poles during mitosis, and Tmem214 along with a third muscle NET KLHL31 partially tracks with microtubules on the nuclear surface in interphase.
12 Future work will likely reveal additional NETs that participate in specific nucleoskeletal connections with cytoplasmic filament systems.
Chromatin, a component of the nucleoskeleton?
Thus far, we have focused on the side of the lamin polymer facing outward, but the nucleoplasmic face is not less active. Many labs have shown that lamins can bind specific types of DNA/chromatin including beta-heterochromatin in Drosophila, MARs, SARs, telomeres, centromeres, and core histones -specifically H2A and H2B. 76 There appear to be both weak binding sites in the lamin coiled-coil domain 80, 81 and high-affinity binding sites in the C-terminal domain. 82, 83 Furthermore, lamins can bind a variety of transcriptional regulators including pRb, cFos, and Mok2. 84 This is thought to sequester these factors away from their target genes that tend to be more internal in the nucleus, but if a gene is proximal to lamins, it could have an activating effect. Indeed, ChIP-sequencing of lamin A-associated chromatin revealed a mixture of active and repressed genes. 85 However, this study could not distinguish between contributions from a lesser nucleoplasmic pool of lamins and the membrane-associated polymer. It is also unclear whether lamin contributions to spatial genome organization are directed by lamin-chromatin interactions, lamin-transcriptional regulator interactions, or lamin-NET interactions. Nonetheless, defective lamin B1 results in release of chromosome 18 from the periphery, 86 and lamin A mutations associated with human disease (see below) cause changes in the positioning of certain chromosomes. 87 Several NETs also interact directly with chromatin and/or transcriptional regulators. Lamin B receptor (LBR) binds H3/ H4 histones, 88 favoring histone H3 with the silencing lysine 9 tri-methylation mark, 89 and also binds heterochromatin protein 1 (HP1). 90 LAP2β binds barrier-to-autointegration factor (BAF), 76 the transcriptional repressor germ cell-less (gcl), 91 and the chromatin-remodeling factor histone deacetylase 3.
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Interestingly, emerin was subsequently shown to bind these same factors, 93, 94 but it also has additional specific interactions with the transcriptional repressor Btf 95 and the transcription factor Lmo7. 96 These NETs are all widely expressed, and so could only contribute tissue-specific genome regulatory functions through the medium of tissue-specific chromatin or chromatin/DNA regulating binding partners. In contrast, there are several highly tissue-specific NETs that direct tissue-specific patterns of genome organization. TAPBPL, STT3A, NET5, NET29, NET39, NET45, and NET47 all can direct particular subsets of chromosomes to the nuclear periphery.
11,97
All of the genome-linked NETs tested thus far also bind lamins, and so are also parts of the nucleoskeleton. This should enable lamins and NETs to work in concert to achieve their functions in genome organization and regulation. Indeed, LBR and lamin A together achieve a general pattern of heterochromatin distribution at the nuclear periphery that is disrupted when these components are removed. 98 More specific gene positioning can be achieved with a different nexus of LAP2β with lamin B1 and histone deacetylase 3 that directs the IgH and Cyp3a loci to the nuclear periphery in lymphocytes. 99 Lamin and interacting NET effects on the 
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Nucleoskeleton dynamics and functions in health and disease genome also include RNA splicing, 100 DNA replication, 101, 102 and DNA damage repair responses. 103 All of the above examples focus on the role of the genome as the repository of the genetic material and the regulation of that material. Chromosomes, however, can also be viewed as the largest individual molecules of the cell. In fact, a chromosome makes a megadalton molecule like titin, the largest protein in the cell and a contributor to the organization of the actin cytoskeleton, seem tiny in comparison. Such large molecules could easily contribute to the tensegrity network of the nucleoskeleton and through this to that of the whole cytoskeleton. While this is a rather novel way to view the genome, it is consistent with observations that during mitosis the attachment of a large chromosome to individual microtubules actually stabilize the microtubules and eventually the whole microtubule spindle. 104 We propose that in interphase the decondensed chromosomes could act as a buffer for forces generated by cytoskeletal mechanics similar to how a cushion absorbs force when sat on. This idea also may shed light on the logic of evolution in making the protein nucleoskeleton almost exclusively from IFs and associated NETs. The extreme elasticity and tensile strength of the IF lamin polymer enables it to stretch under considerable force without breaking. As it sits between the powerful forces of the cytoplasmic filaments in their tensegrity network on one side and the powerful forces of the chromosomes on the other side, the lamin polymer endures probably the strongest pushing and pulling forces in the cell. That most chromatin binding NETs also bind to lamins and lamins also bind chromatin supports a multiplicity of docking sites for the genome, while having many different, mostly multispanning transmembrane proteins as part of this nexus provides for strong interactions with the membrane. 16 Having multiple NETs engage in multiple connections to multiple cytoplasmic filament networks further distributes the load-bearing in the greater genomenucleoskeleton-cytoplasmic filament tensegrity system. At this stage, however, this is just speculation.
Signaling through the nucleoskeleton
The connectivity of these various networks could support mechanotransduction of signals directly from the plasma membrane/extracellular matrix to the nucleus. Direct mechanical signaling should transmit a force applied at one end of the network to its other end in a matter of microseconds in contrast to the several seconds it would take for protein interactions and trafficking through the cell and nuclear pore complexes to get a normal protein-chemical signaling pathway from the plasma membrane to the nucleus. 105 Consistent with the idea that mechanotransduction does indeed occur through cytoplasmic filament-nucleoskeleton connections, two different types of high-tension and low-tension actin fibers have been observed at the nuclear membrane. The high-tension fibers presumably contribute to tensegrity for the overall cell shape and stability. The low-tension fibers are focused at the actin cap on the nuclear surface and connect to the nucleoskeleton via the LINC complex. 106 If high-tension fibers were involved in mechanotransduction, it is likely that the cell would become overstimulated due to the considerable dynamics of the cytoskeleton; therefore, it makes sense for the cell to have an independent low-tension network for the separate function of signal transduction.
An underlying contribution of mechanotransduction in nuclear membrane signaling is further indicated by impaired nuclear localization and signaling function of the mechanosensitive transcription factor megakaryoblastic leukemia 1 (MKL1) in cells from Lmna -/-mice. 107 This impaired function appears to be a consequence of disrupted actin dynamics due to emerin mislocalization with its binding partner, lamin A, gone because exogenous overexpression of emerin rescued both the actin dynamics and the MKL1 function. 107 Other protein signaling cascades that depend on nucleoskeletal NETs include emerin impacting on β-catenin signaling 108 and MAN1 on Smad and TGF-β signaling. 109, 110 Additionally, the mitogen-activated protein kinase (MAPK) and extracellular signal-regulated kinase (ERK) pathways are affected, respectively, by emerin 111 and lamin depletion, 112 though there is no evidence at this point to indicate any links to mechanotransduction or tensegrity.
Mutations in nucleoskeletal proteins cause human disease
Mutations in lamins and several NETs of the nucleoskeleton cause a wide range of human diseases that include several muscular dystrophies, cardiomyopathies, dermopathy, neuropathies, bone disorders, lipodystrophies, and premature aging syndromes (Table 1) . 113 There are three core mechanisms proposed to explain how a mutation in a nuclear envelope protein could yield pathology. The first is that the cell cycle and/or stem cell maintenance is affected, resulting in a failure to regenerate damaged tissues from satellite cells. The second is that regulation of gene expression is altered, thus interfering with normal tissue function and metabolism. The third is that a weakening of the nucleoskeletal connections to the cytoplasmic filament systems results in increased susceptibility to mechanical stress -especially in cells suffering 
62
Meinke et al an intense mechanical strain such as muscle. 114, 115 It is likely that all three mechanisms contribute to disease pathology: for example, in muscle, increased susceptibility to mechanical stress could result in altered chromatin organization, which causes altered gene expression that finally results in satellite cells undergoing premature differentiation, thus depleting the pool of cells that can regenerate damaged tissue.
The tissue specificity of nuclear-envelope-linked diseases is curious, as different mutations in the widely expressed lamin A protein can cause distinct diseases such as muscular dystrophies, [116] [117] [118] neuropathies, 119 dermopathies, 120 and lipodystrophies. 121, 122 Even more strikingly, each of the lamin A-linked muscular dystrophies affects a separate or partly overlapping set of specific muscle groups -shoulder, upper arm, calf muscles, and heart in Emery-Dreifuss muscular dystrophy (EDMD), 123 proximal muscles (shoulder girdle and pelvic girdle) in limb-girdle muscular dystrophy (LGMD), 124 and heart in dilated cardiomyopathy (DCM). 125 Some of this tissue specificity of pathology could be due to the postulated tissue-specific partner proteins, 126 but particularly in the muscular dystrophies the mechanical instability may well be the driving force.
EDMD has thus far been linked not only to lamin A but also to the NETs emerin, nesprin-1, nesprin-2, SUN1, SUN2, and Tmem43 (Luma). 116, [127] [128] [129] [130] Four of these NETs are components of the LINC complex 8 while emerin connects to both lamins 131 and the postulated tensegrity chromosomal component [93] [94] [95] [96] and Tmem43 binds lamins, SUN2, and emerin. 128 Some degree of tissue specificity can be observed in the proteins in this system, as EDMD disease-causing mutations have been found in the more muscle-specific nesprin isoforms 1α and 2β and myotubes generated in vitro from biopsy of patients with these mutations had disrupted the sarcomere structure. 130 While all these connections support the mechanical instability hypothesis, it is notable that, though some lamin A mutations resulted in filament assembly 
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Nucleoskeleton dynamics and functions in health and disease defects in vitro, others did not, 132 indicating that this is not a general characteristic of the disease. At the same time, a potential chromatin disruption role is supported by electron microscopy observations of disrupted peripheral dense chromatin in EDMD patient biopsy sections. Furthermore, defects in gene expression were observed in biopsy from other EDMD patients, particularly of the muscle myoD gene and the cell cycle regulator pRb that plays a role in both satellite cell maintenance and the cell cycle withdrawal necessary for myotube differentiation. 133 More telling for the myoD defects, lamin A was required for myoD repositioning away from the nuclear envelope associated with its activation in Caenorhabditis elegans, and this repositioning failed when lamin A carrying specific EDMD lamin point mutations was expressed. 134 The finding that several interacting components of the nucleoskeleton can each, when mutated, cause the same EDMD disease pathology supports the idea of tensegrity playing a role in the nuclear envelope system. Even more compelling to the idea of tensegrity is the finding that the combination of multiple nucleoskeletal protein mutations leads to more severe disease than the individual component mutations (Figure 3 ). For example, emerin mutations, which alone cause mild clinical presentation with the patients fully ambulatory, when combined with SUN1 mutations yield wheelchair dependency. 127 Also lamin A mutations, when combined with emerin, SUN1, or SUN2 mutations, result in a more severe presentation. 18, 127, 135, 136 The tensegrity model is even more strongly supported by a similar increase in disease severity when a nucleoskeleton mutation (emerin) is combined with a mutation in cytoplasmic filaments (desmin). 137 Although such modifier mutations are yet to be found in LGMD, it is compelling in light of this model that, apart from mutations in lamin A, this disease can also be caused by mutations in the cytoplasmic filament system proteins plectin, 138 desmin, 139 and titin 140 as well as the connected exoskeleton protein integrin alpha-7. 141 Thus, weakening of any part of the nucleoskeletal-cytoskeletal-exoskeletal system can generate a similar pathology consistent with mechanical instability.
Another nucleoskeletal NET evidently linked to mechanical instability is the LBR. In contrast to most of the NETs above that are involved in LINC connections to cytoplasmic filaments, LBR functions in connecting the nucleoskeleton to chromatin. LBR mutations cause a blood granulocyte disorder characterized by abnormal nuclear morphology and chromatin organization named the Pelger-Huet anomaly. 142 Granulocyte nuclei normally undergo extensive cytoskeletal reorganization to become highly lobulated when they further differentiate to neutrophils; however, the nuclei remain spherical in PelgerHuet anomaly. 142 Interestingly, granulocyte nuclei have high levels of lamin B2, the "weakest" lamin, compared to other subtypes. 45, 143 Thus, LBR connections to chromatin likely provide a counter force to support lobulation in a weak lamin background while disruption of this tensegrity element by loss of LBR results in failure to lobulate.
Two other diseases are likely linked to nucleoskeletal mechanotransduction. In one, a mutation in tissue-specific nesprin-4 affects positioning of the nucleus specifically in the mechanosensory hair cells leading to autosomal recessive deafness. 144 The other is familial cardiomyopathy with conduction defect, where mice expressing a specific lamin A cardiomyopathy mutation (N195K/N195K) exhibit the same defects in the MKL1 mechanosensitive transcription factor as the Lmna -/-mice. 107 Mouse models of lamin A-linked cardiomyopathy also affect the MAPK and ERK kinase pathways. 145, 146 The progeroid syndromes appear to be quite different, exhibiting defects in the processing and assembly of lamins. The normal transient lamin A farnesylation is disrupted in slightly different ways to yield the Hutchinson-Gilford progeria syndrome (HGPS), 147, 148 mandibuloacral dysplasia, 
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Meinke et al and restrictive dermopathy (RD), 120 but all these disorders are characterized by the failure to remove the farnesyl group. HGPS is most commonly caused by a heterozygous mutation resulting in a 50-amino acid deletion in lamin A, which includes the C-terminal cleavage site for the protease ZMPSTE24 needed to remove the farnesyl group. 144, 148 The resulting mutated protein is commonly referred to as progerin. In contrast, RD is caused by mutations resulting in a loss of ZMPSTE24 that cause an accumulation of farnesylated, unprocessed full-length prelamin A. Thus, both remain farnesylated, but progerin has an additional deletion and, being heterozygous 50% of the lamin A, is wild-type. These differences account for an enormous distinction in pathologies. HGPS patients appear healthy at birth but develop a progeroid phenotype including extreme short stature, low body weight, early hair loss, lipodystrophy, scleroderma, decreased joint mobility, and osteolysis within the course of 1-2 years. In most cases, cardiovascular problems cause death in the second decade. 150 RD invariably yields neonatal death or death in early infancy. Clinical features include tightly adherent thin skin, generalized joint contractures, dysplasia of clavicles, increased subcutaneous fat, and respiratory insufficiency. 56 Mandibuloacral dysplasia, caused by partial loss of ZMPSTE24 function due to combinations of missense and nonsense mutations, is characterized by postnatal growth retardation, craniofacial anomalies, skin changes such as atrophy and speckled hyperpigmentation, as well as accumulation of fat in the neck and moderate lipodystrophy of the limbs with a median age of death of 30 years. 56 As the permanently farnesylated B-type lamins formed a different type of network from lamin A when exogenously expressed in Xenopus, it is likely that the maintained association with the membrane alters the polymer structure. However, the principal findings to date favor the genome face of lamins in the pathology of HGPS, with chromatin disorganization, DNA damage, and genome instability as the primary culprits. [151] [152] [153] This is further supported by the involvement of the NET-interacting chromatin protein BAF in another progeroid disorder, the Nestor-Guillermo progeria syndrome (OMIM #614008). 154 But progeria is also linked to LMNA mutations not associated with a failure of lipid processing. Patients with these mutations often have phenotypes overlapping between different progeroid syndromes or other laminopathies. 155, 156 Finally, it is worth noting that lamin B1 has been linked to leukodystrophy 157 and lamin B2 to partial lipodystrophy, 158 though little is known about the pathogenic mechanism, and lamins have also been linked to cancer. In fact, loss of lamin A was one of the first historical biomarkers associated with increased metastasis; 159 however, the focus on this was dropped because such trends differed in different tumor types. 160 Nonetheless, recent work has indicated that nucleoskeleton involvement in basic cellular processes such as maintenance of nuclear shape and size, centrosomal positioning, cell migration and signal transduction, and DNA damage repair all likely contribute to the formation of a wide range of cancers. 161, 162 Therapeutic target identification and screening approaches Thus far, there are no treatments to "cure" any of the nucleoskeleton-linked muscular dystrophies. Nonetheless, some approaches are currently being investigated. 163 One such approach is exon skipping, because the exon-intron structure of lamin A enables the removal of some entire exons within the coiled-coil domain without disrupting the heptad structure of the coiled coil. 164 Another promising approach is the targeting of signaling pathways affected by the nucleoskeleton. Inhibitors of ERK and MAPK have yielded positive effects on preventing cardiomyopathy in mouse models expressing lamin A mutations causative of the disease; 145,165 also MAPK inhibition in an EDMD mouse model improved the muscular phenotype. 166 In the case of HGPS, due to the accumulation of the farnesylated prelamin A, the farnesyl transferase was targeted. However, while this yielded considerable improvements in the tissue culture aspects of nuclear morphology and chromosome organization, 55 there were only minor benefits in aspects such as the overall body weight in the patients. 167 Potential therapies for HGPS are now targeting its links to genome organization/stability, as chemical inhibition of NAT10, a lysine acetyletransferase, was also found to restore normal nuclear morphology in HGPS cultured cells. 168 To the extent that tissue-specific NETs may contribute to particular nucleo/cytoskeletal structures, these also could be targeted. As lamin A and core LINC components are universally expressed, targeting these tissue-specific partners should have less damaging off-target effects. However, as these partners are only beginning to be identified, such therapies are not likely to be realized in the near future.
Wider considerations and future directions
The observation that multiple components that interact in the nucleoskeleton and cytoplasmic filament systems can Cell Health and Cytoskeleton 2015:7 submit your manuscript | www.dovepress.com
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Nucleoskeleton dynamics and functions in health and disease all yield variants of the same disease is a powerful argument for the idea of a tensegrity-type network connectedness in the function of the nuclear envelope and nucleoskeleton. While the idea that the genome could itself be a component of the overall cellular tensegrity system may be viewed by some as radical, it nonetheless comports with much of the existing data on the nucleoskeleton. This idea of the mechanical connectedness of these systems has recently gained traction with recent findings that lamin A levels scale with tissue elasticity. Low lamin A levels better supported differentiation of fat, while higher lamin levels improved differentiation of the much stiffer bone tissue. 169 Matrix stiffness directly influenced lamin A levels, suggesting that its expression is increased to compensate/normalize the overall force applied on the nucleus in these tissues. Thus, the mechanics of the nucleo-cytoskeleton nexus are important for many aspects of nuclear function in both normal human health and disease.
